GNSS-R Basics
• GNSS-R= EO using GNSS signals of opportunity:
-Altimetry: PARIS (Paris-n ESA projects) -Speculometry (roughness) (Oppscat-n ESA projects) -TEC (GIOS-1 ESA Study) • Multi-static Passive Radar • All-weather Multi-frequency system (L-band) • Direct vs reflected signal differencing scheme = error cancellation • Earth coverage, space and time resolution suitable for studying mesoscale properties of the ocean Reflection seascape from Mapfre Tower in Barcelona, using 24 h of GPS signals.
The Atmosphere-Ocean interface
• O-A coupling is a key element for climate, wave and ocean circulation models. The interface between the ocean and the atmosphere is the sea surface, which is characterized statistically, to the lowest order, by h, swh and dmss. Of these, dmss is one key missing element in GOOS, and is essential to understand and quantify the atmosphere-ocean flux of energy and momentum. Mesoscale measurements of h are also needed.
• Since inertial motion forcing is strongly intermittent in space and time, x-t collocated measurements of h and dmss are very relevant.
GIOS-1 Mission Design and Philosphy
• A near-polar LEO orbit is compatible with other applications requiring global coverage and moderately frequent revisits, such as mesoscale altimetry.
• Note however that the ionosphere is quasistatic as seen from an orbital inertial frame. • A single LEO will only sample a ionospheric slice, but with good temporal sampling.
• We aim to show good results in such a slice, using only GPS data.
GIOS-1 Simulation of Data
• We simulated data as seen from a LEO orbiter able to collect GPS-R and GPS-Occultation/Navigation data.
• GPS orbital data taken from a standard Yuma file • GPS-G data from > 300 IGS stations (vertical) also simulated.
• Gaussian noise added to slant TEC measurements: 10 TECU after 10 seconds averaging (although we did not see much impact from noise) • In simulations, for simplicity we compressed input data to a cadence of 1-3 minutes (very conservative).
GIOS-1 Noise Model
• Current GNSS-R models indicate that with a 15 dB mission such as mPETREL, bistatic ranging errors in each channel would be of the order of 3 meter after 1 second. • This translates into about 4 m ionospheric delay, or about 40 TECU. After 10 seconds, this is about 13 TECU.
• This is a worst case scenario, as current concepts involve >20 dB antennas.
SIMULATING GPS TEC data 1
A grazing occultation ray link giving a particularly large slant TEC (about 600 TECU). Note that reflections can be observed on the surface, and that ground reflections have not been eliminated.
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SIMULATING GPS TEC data 2
No cutoff angle has been used for reflections, only land masking has been applied. 
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Simulation of Ionosphere
• Two climatic models of the ionosphere with good top side models have been considered, NeQuick and PIM.
• Finally, PIM was chosen (basically for ease on interfacing), but the results do not depend much on this choice. • 3D ED fields with a resulution of 10 degrees and many (~ 50) layers up to GPS orbit where generated to compute simulated slant TECs.
IONOSPHERE ED MODELS: NeQuick AND PIM
NeQuick PIM
Simulating TEC
• From orbit simulation, choose positions and integrate ED along ray.
• In bistatic case, this involves two ray segments for the reflected signal.
• Add Gaussian noise equivalent to 10 TECU after 10 seconds.
Tomography and the quantum H atom
• Some previous approaches have focused on voxel (3D pixels) representations-local support representations. This fact alone makes them awkward and inefficient when not the whole ionosphere is sampled-as will be the case here and rather generally.
• We have developed and worked with a new representation which we call the H-representation, related to the solutions to the Schrodinger equation for the Hydrogen atom. • This representation is non-local. This means that if data is available at only specific regions of the ionosphere, all the coefficients in the representation can contribute to the fit. This allows for a good fit where there is data at the expense of sparsely sampled regions (which should not be trusted anyhow).
• The H-Representation also offers the advantage of easy integration of smoothing terms to account for data scarcity and mathematical elegance (simplicity).
THE H-REPRESENTATION 1
In this approach:
similar to the representation used in the Schrödinger solution to Hydrogen atom.
We have two parameters to determine: a 0 and the number of coefficients (determined by n).
Here Y lm are the spherical harmonics, and R n,l is the radial function:
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TEC= M·x, where x represents the unknowns in the expansion: The value of ground data (n=8) "Truth" from PIM Recovered n=8 a 0 =20 km Right: Recovered TEC with n=8 (204 coefficients, a=20), using ground data (IGS stations appear as white dots) and all LEO data (over 10,000 measurements). Residual variance is of 6.3 (slant) TECU, mainly due to model "quantisation". On the left we see the PIM original ionospheric TEC.
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